Of 21 newborn rabbits inoculated orally with Mycobacterium paratuberculosis ATCC 19698, 13 (62%) became infected, as determined by histopathology and culture. Of the 21 inoculated rabbits, 14 (67%) experienced episodes of intermittent diarrhea, sometimes as early as 5 months after inoculation. Feces varied in consistency from soft-semisolid to watery. The organism was isolated from the sacculus rotundus, vermiform appendix of the cecum, ileum, mesenteric lymph node, and feces of 9 of 21 (43%) M. paratuberculosisinoculated rabbits 8 to 10 months after inoculation. One infected rabbit gradually became severely emaciated; advanced paratuberculosis was confirmed by culture and histopathology. Of 21 rabbits, 9 (43%) developed multifocal, well-demarcated granulomatous enteritis in the sacculus rotundus and the vermiform appendix of the cecum. There was no significant difference in the rate of infection when the organisms were administered daily for 5 or 10 days in cow milk or broth. There was no discernible effect of pregnancy, parturition, or lactation on the severity of intestinal lesions, clinical signs, or the number of rabbits infected. Complement fixation and delayed-type hypersensitivity skin tests failed to detect infection. The results of this study suggest that newborn rabbits inoculated orally with M. paratuberculosis constitute a useful animal model for the study of paratuberculosis infection.
Mycobacterium paratuberculosis, the causative agent of Johne disease in ruminants, is generally confined to the mucosa of the small and large intestines, the associated mesenteric lymph nodes (4) , and occasionally, the liver (6, 20) . Disseminated infection to the lungs and kidneys has been reported recently (20) .
Johne disease has spread worldwide since it was first described in Germany in 1895 (23) . Paratuberculosis has been diagnosed in cattle and small ruminants in most regions of the United States (24) . A more recent 2-year survey of ileocecal lymph nodes obtained at the time of slaughter from clinically normal cattle in 32 states and Puerto Rico showed that the prevalence of paratuberculosis was 1.6% (40) . Although estimates have been made, the economic loss from paratuberculosis in ruminants is still unknown (1) .
Calves are very susceptible to M. paratuberculosis infection when they are a few days old, but become less susceptible with age (16, 46) . It is thought that paratuberculosis is transmitted horizontally to young ruminants by repeated ingestion of food and water contaminated with feces from M. paratuberculosis-shedding animals (49, 50) . A factor(s) in cow milk may play a role in facilitating entry of the organism into the mucosa. Organisms apparently enter the intestinal mucosa enclosed in lipid droplets (10) . The incubation period is usually prolonged and may be one to several years (24, 30) . Whereas diarrhea is a common feature of the natural disease in cattle (3, 24, 26, 27) , the disease in sheep and goats is characterized by a chronic wasting illness (11, 35, 38, 50) . The factors that are thought to predispose cattle to the development of the clinical disease include pregnancy, calv-ing, heavy milk production, and inadequate nutrition (42, 43, 48) . The effect of pregnancy and lactation on experimentally infected animals has not been reported. However, there is evidence that immunosuppression occurs during pregnancy and lactation, leading to increased susceptibility to various infections, as reviewed by Lloyd (36) .
Research on the pathogenesis, pathophysiology, diagnosis, treatment, and control of paratuberculosis is complicated by a number of factors: (i) the lack of a suitable laboratory animal model; (ii) the long incubation period of the disease; (iii) the low frequency of obvious clinical disease in both experimental and natural infections (14) ; and (iv) the cost, time, and labor involved in housing and caring for infected ruminants (35) .
Accordingly, a variety of animals have been investigated as potential models for paratuberculosis, including chickens (32) , guinea pigs (12) , hamsters (12, 18, 21) , mice (8, 12, 18, 37) , and rabbits (2, 12, 18, 21, 44) . The was maintained at -70°C until use. Before administration, the inoculum was checked for viability and readjusted to the original count. Rabbit housing and breeding. Six pregnant New Zealand White rabbits, within 3 weeks of parturition, were purchased from a Pasteurella spp.-and coccidia-free colony (Hazleton, Denver, Pa.) and were housed in separate cages in an isolation room.
Fecal samples from all six does were examined weekly by flotation for coccidia and once by culture on the egg yolk medium described by Herrold (19) (HEYM) to exclude prior infection with M. paratuberculosis. One week prior to kindling, the does were treated prophylactically for coccidia with amprolium (Corid; Merck & Co., Inc., Rahway, N.J.) at 10 mg/kg of body weight for 1 week. Two does and their litters (11 neonates) were then randomly assigned to control groups 1 and 2 and removed to a separate isolation room with husbandry identical to that of the test groups. The remaining four does and their litters (21 neonates) were assigned to test groups 3, 4, 5, and 6.
At maturation (age, 6 to 7 months), two females from each experimental group were bred, removed to a separate isolation room, and checked for pregnancy by ultrasound.
Experimental design. The four test groups consisted of 21 neonates. Each rabbit was inoculated orally, commencing on the day of birth, with a total volume of 4 ml of inoculum containing 7.8 x 107 CFU of M. paratuberculosis ATCC 19698. Group 1 (six neonates) was inoculated orally with 0.4 ml of pasteurized whole cow milk and 0.4 ml of sterile 7H9 medium for 5 consecutive days (Table 1) . Rabbits in group 2 (five neonates) were inoculated orally with 0.4 ml of sterile 7H9 medium for 10 consecutive days. Groups 3 and 4 (five neonates per group) received the inoculum in whole cow milk for 5 or 10 consecutive days, respectively ( Table 1 ). The inoculum in medium only was given orally to rabbits in groups 5 and 6 (11 neonates) for 5 or Cincinnati, Ohio) . The tissue suspension then was filtered through a piece of sterile gauze into a 50-ml screw-cap tube containing 38 ml of 0.75% HPC and processed as described above for fecal samples.
The effect of the HPC washing procedure on the recovery of M. paratuberculosis was determined by seeding autoclaved feces with a known number of M. paratuberculosis organisms and processing as described above; a 100-fold reduction in the number of organisms was observed by a previously described radiometric assay (29) . Because of the adverse effects of HPC, it was assumed that the number of organisms recovered from infected rabbits represented a conservative estimate of the actual number.
Gross and histopathological examination. All rabbits were euthanized with intravenous pentobarbital. Samples of the internal organs were fixed in 10% neutral buffered Formalin for histopathological study. Additional samples of the intestinal tract were either frozen or processed for bacterial isolation. The rest of the small intestine was rinsed, filled intraluminally, and stored in 10% neutral buffered Formalin.
Although the small and large intestines were collected, only the sacculus rotundus and the vermiform appendix of the cecum were extensively evaluated histologically. These entire organs were transected into 0.2-mm-thick sections and VOL. 57, 1989 3800 MOKRESH ET AL.
processed by routine paraffin embedding. Six-micrometer sections from each block of tissue were cut in a mount 3-skip 5 specimen pattern until a total of 12 sections were mounted. Of each three adjacent sections, one was stained with hematoxylin-eosin, one was stained by the Ziehl-Neelsen method for acid-fast bacilli, and the third remained unstained. Histological sections were examined for granulomas as described elsewhere (13 colorless to slightly yellowish, and convex with smooth margins and glistening surfaces. The isolated organisms were all mycobactin J dependent, stained acid fast, and were present either singly or in clumps.
Gross and histological findings. Gross examination of all control and M. paratuberculosis-inoculated rabbits revealed no discoloration or corrugation of the intestinal mucosa. One rabbit inoculated with M. paratuberculosis (rabbit number 51) started to lose weight after parturition, although her appetite appeared to be normal. At necropsy, this rabbit was markedly emaciated. Normal levels of abdominal fat were present in all remaining rabbits.
Histologically, 9 of 21 rabbits (43%) inoculated with M. paratuberculosis had granulomatous enteritis located in the vermiform appendix of the cecum, the sacculus rotundus, or both ( Table 3 ). The granulomas were well demarcated, varied in size, and displaced the normal tissue lymphocytes (Fig. 1) . The granulomas consisted mainly of macrophages with ill-defined cytoplasmic boundaries, a light eosinophilic cytoplasm, and large centrally located nuclei (Fig. 2) . The inflammatory foci were also infiltrated with a few scattered (Fig. 3) . Aggregates of eosinophils were sometimes present in the central portion of the granulomas, especially where clusters of acid-fast bacilli were seen (Fig. 4) . Occasionally, the inflammatory focus was composed principally of eosinophils and a few macrophages containing acid-fast bacilli. Some granulomas contained no acid-fast bacilli. When acid-fast bacilli were present, they were intracellular either singly or in clusters and their count varied from a single organism to 250 organisms per granuloma (Fig. 5) .
Since M. paratuberculosis was isolated from ileal tissue and mesenteric lymph nodes of six rabbits from groups 3, 4, and 6 (Table 3) , multiple sections of these organs were examined by light microscopy. One of the six rabbits had granulomatous lymphadenitis with acid-fast bacilli.
None of the control rabbits had any evidence of intestinal lesions, and M. paratuberculosis was never isolated from them. There was no significant difference in the percentage of rabbits infected whether the inoculum was given in milk or in broth or whether the animals were inoculated for 5 or 10 days. However, the fewest number of infected animals was seen in group 5 (inoculated with organisms in broth for 5 days).
Overall results of histological, cultural, and clinical signs. In this experiment, although 13 of 21 rabbits (62%) were infected, as judged by histological and cultural results, and 14 of 21 rabbits (67%) had diarrhea, only 10 rabbits were found to have both. Based on clinical signs as well as histological and cultural results, rabbits in the groups that were inoculated with M. paratuberculosis could be assigned to one of four categories ( Table 4 ). The first consisted of 10 rabbits that experienced diarrhea and that were judged to be infected on the basis of recovery of M. paratuberculosis or the histological detection of granulomas. paratuberculosis infection. The third category of rabbits total of 5 of 8 (63%) M. paratuberculosis-inoculated, bred (three rabbits) did not experience diarrhea but were infected, rabbits versus 8 of 13 (62%) nonbred rabbits were confirmed The fourth category of rabbits (four rabbits) did not experito be infected. ence diarrhea, did not have intestinal lesions, and remained Similarly, there was no significant difference in the num-M. paratuberculosis culture negative.
ber of intestinal granulomas in the bred versus nonbred Effects of breeding. There was no obvious effect of preggroups. The number of intestinal granulomas present in the nancy, parturition, or lactation on the severity of diarrhea whole sacculus rotundus and vermiform appendix of the (Table 5) , lesions, or number of infected rabbits (Table 6) association with breeding, parturition, and lactation (Table  6) .
Transmission of M. paratuberculosis infection from the does to their offspring was difficult to evaluate in this experiment. The young from each bred rabbit were sacrificed either immediately after weaning or at 6 months of age. Only five of eight infected rabbits were successfully bred, gave birth, and nursed. The offspring of three of eight M. paratuberculosis-inoculated rabbits (one from each of groups 3, 4, and 6) were either aborted shortly before parturition or died soon after birth. All three does that lost their offspring were infected and had diarrhea. Only two of five infected rabbits that nursed showed histological evidence, cultural evidence, or both of M. paratuberculosis. The other three bred rabbits (one rabbit from group 4 and two rabbits from group 5) raised offspring but experienced only intermittent diarrhea with no detectable intestinal lesions or recovery of M. paratuberculosis. Because of the reproductive problems described above, M. paratuberculo- sis was not recovered from any of the five samples (sacculus rotundus, vermiform appendix of the cecum, mesenteric lymph node, ileum, or feces) collected at necropsy from each of the young rabbits at up to 15 months of incubation. Furthermore, histopathological evaluation or bacteriological culture of eight offspring from one infected rabbit (rabbit number 46) did not reveal any histological alteration of either the sacculus rotundus or the vermiform appendix of the cecum or the presence of M. paratuberculosis.
Serology and delayed-type hypersensitivity skin response. Sera collected from all rabbits at 2 and 7 months of age and before necropsy had no detectable complement fixation antibody for M. paratuberculosis.
None of the rabbits (control and inoculated with M. paratuberculosis) had a significant delayed-type hypersensitivity test response to intradermal injection of phosphatebuffered saline, and skin biopsies showed normal skin architecture. All rabbits (groups 1 to 6) responded variably to the intradermal injection of either Johnin or purified protein derivative. There was no correlation between the skin thickness and the biopsies collected at 24, 48, or 72 h after injection. The cellular infiltrates were composed mainly of eosinophils and a few mononuclear cells.
DISCUSSION
In this experiment we confirmed our earlier observation that newborn rabbits can be orally infected with M. paratuberculosis ATCC 19698. The infected rabbits developed mild chronic intermittent diarrhea and multifocal granulomatous enteritis mimicking paratuberculosis in ruminants.
The hypothesis that lipid droplets of milk enclosing the organisms may facilitate their entry into the intestinal mucosa of nursing rabbits proved incorrect. More recently, the immune serum of a paratuberculosis-infected cow was found to enhance M. paratuberculosis entry into the mucosa of neonatal calves (41) . Perhaps the immune serum also plays a role in facilitating the entry of M. paratuberculosis into the mucosa of rabbits. The pasteurized and homogenized cow milk used in our experiment probably did not contain antibodies against M. paratuberculosis.
It has been reported that there is a correlation between the severity of experimental paratuberculosis infection in sheep and the number of inoculated organisms (5) . Moreover, the severity of clinical signs in M. paratuberculosis-infected cattle has been found to be proportional to the size and the extent of the intestinal lesions (47) . However, based on clinical, histological, and cultural criteria, we found no significant difference in the rate of infection when inoculation with the same total dose was repeated for either 5 or 10 days. Subsequent experiments should test the effect of increasing the total number of organisms given over 5 or 10 days. It has also been suggested that M. paratuberculosis organisms are taken up by intestinal M cells rather than by direct invasion of the epithelium (41) . Therefore, repeated oral inoculation with higher numbers of organisms might increase the uptake and result in more severe infections.
It is possible that the effect of breeding and subsequent lactation is more pronounced in advanced cases of paratuberculosis in ruminants than in early infection, which appears to be the stage of infection represented in our experimental rabbits. If pregnancy precipitates clinical signs and makes the disease worse, the long gestation period in cattle (9 months) is probably a contributing factor. Therefore, subjecting the rabbits (gestation period, 31 days) to one pregnancy and lactation may not be enough to induce disease; several consecutive pregnancies and lactations might be more appropriate.
Another method of increasing the severity of clinical signs and the number of infected animals is the use of immunosuppressive drugs. Dexamethasone, cyclophosphamide, and methyl prednisolone have been shown to increase the severity of infection in hamsters (31) and in gnotobiotic BALB/c mice (17, 32) .
Transmission of the infection from infected does to their offspring prior to 6 months of age was not evident, as determined by histological examination of tissues at necropsy and, after at least 15 months of incubation, of tissues and feces on HEYM with mycobactin J. It might have been more useful to have had a larger number of bred, infected females and to have allowed the young to live longer than 6 months to allow more time for the disease to develop.
The mild diarrhea observed as early as 5 months after inoculation of the rabbits was readily noted because rabbit feces are normally pelleted and because the rabbits were inspected daily. In contrast, mild diarrhea in M. paratuberculosis-infected cattle, in which the clinical disease is terminal (10), may be overlooked because cattle feces are normally loose in consistency. As a result, diarrhea from M. paratuberculosis-infected cattle may not be noticed until it becomes profuse.
M. paratuberculosis-infected small ruminants may or may not show diarrhea in advanced stages of the disease (35, 38) . Although the diarrhea observed was not severe enough to put the infected rabbits into a negative energy balance, diarrheic rabbits eventually may have become emaciated if they were allowed to live longer. Similarly, M. paratuberculosis-infected ruminants may show mild or no obvious clinical illness for a prolonged period of time (28) and then become emaciated and debilitated in the terminal stages of infection (10) (28) . In a more advanced stage of infection, macrophages form well-demarcated granulomas, as has been defined by other investigators (13, 15) . Granulomas containing over 200 bacilli with several clusters of organisms may represent the most advanced lesions, which have been assumed to result from gradual coalescence (10) . In contrast, the acid-fast organisms in the tuberculoid-type lesions are thought to be either destroyed or present in a cell walldeficient state (9) .
It is tempting to suggest that the infected rabbits suffering intermittent diarrhea had a disease that mimicked paratuberculosis in cattle, in which obvious intestinal lesions and diarrhea are the main findings (3, 24, 26, 27) . Perhaps intestinal lesions in the rabbits that experienced only intermittent diarrhea were too small and multifocal to be detected. This possibility is supported by the results for the one rabbit (rabbit number 59) which had only one detectable granuloma containing a single visible acid-fast bacillus, as well as by the recovery of a few organisms from two rabbits (rabbit numbers 60 and 62) that had no detectable histological lesions. Had these findings been missed, these rabbits would had been categorized as having diarrhea but no apparent infection. Perhaps the disease state in infected rabbits that do not experience diarrhea corresponds to paratuberculosis in small ruminants in which diarrhea is not commonly observed (11, 35, 38) .
Both the complement fixation and skin delayed-type hypersensitivity tests failed to identify the infected rabbits.
Infected ruminants may or may not have evidence of immune sensitivity by either a skin or a complement fixation test (14) . It has been reported that the complement fixation test is neither specific nor sensitive enough to detect early or subclinical infection (22) . In addition, it has been suggested that complement fixation antibodies develop only in advanced stages of the disease and then tend to decrease rapidly (34) . In our experiment, the inflammatory cell infiltrates after the injection of either Johnin or purified protein derivative were predominantly eosinophils. Therefore, it appears that skin reactions in all rabbits are immunologically nonspecific, and we attribute this nonspecific infiltrate to inflammatory components present in the Johnin and purified protein derivative preparations (47) .
We believe that rabbits orally inoculated with M. paratuberculosis are useful animal models to study M. paratuberculosis infection. In this study we were able to produce an infection rate of 62%, whereas the average rate of infection in naturally infected herds has been estimated to be 38 to 42% (33, 34) . Furthermore, infected rabbits developed mild chronic diarrhea and granulomatous enteritis similar to what has been reported for cattle (6, 15, 20) . The rabbits had early tuberculoid and multifocal granulomatous lesions, as described previously for ruminants (10 
